Transcatheter arterial chemoembolization (TACE) is the standard of care for nonsurgical patients with preserved liver function with large or multinodular noninvasive hepatocellular carcinoma (HCC) confined to the liver. The administration of an anticancer-in-oil emulsion followed by embolic agents is the most popular TACE technique; however, the introduction of embolic, drug-eluting beads (DEB) has provided an alternative to conventional regimens. Experimental studies have shown that DEB-TACE results in a safe pharmacokinetic profile and effective tumor killing in animal models. Clinical experiences have confirmed that DEB-TACE provides a combined ischemic and cytotoxic effect locally, with significantly reduced drug-related toxicity and liver toxicity compared with conventional TACE. The addition of molecular targeted drugs to the therapeutic armamentarium for HCC has prompted the design of clinical trials aimed at investigating the synergies between TACE and systemic treatments. Combining TACE with antiangiogenic agents represents a promising strategy because TACE is thought to cause local hypoxia, resulting in a temporary increase in levels of vascular endothelial growth factor. Recently, a large phase 2, randomized, double-blind, placebocontrolled trial (the SPACE study) indicated that the concurrent administration of DEB-TACE and sorafenib has a manageable safety profile and suggested that the time to progression (TTP) and time to vascular invasion or extrahepatic spread may be improved compared with DEB-TACE alone. These data support the further evaluation of molecular targeted, systemically active agents in combination with DEB-TACE in a phase 3 setting.
Introduction
HCC is the sixth most common cancer and the third leading cause of cancer-related death worldwide [1] . Unlike the situation for most solid cancers, the future incidence and mortality rates for HCC are projected to increase in several regions around the world over the next 20 years, mostly as a result of the dissemination of hepatitis C virus infection [2, 3] . Despite the widespread implementation of surveillance programs of at-risk populations, the majority of patients with HCC are diagnosed late, when curative treatments cannot be applied [4] . In addition, in a high proportion of cases, the disease recurs after radical therapy [5, 6] .
TACE is the current standard of care for patients presenting with multinodular HCC and relatively preserved liver function, with no cancer-related symptoms, and with no evidence of vascular invasion or extrahepatic spread, i.e., those classified as intermediate stage according to the Barcelona Clinic Liver Cancer (BCLC) staging system [7] [8] [9] . While conventional TACE comprising administration of an anticancer-in-oil emulsion followed by embolic agents is the most popular technique, the introduction of embolic, drug-eluting beads (DEB) has provided an attractive alternative to lipiodol-based regimens [10] . Experimental and clinical studies have shown that the use of DEB loaded with doxorubicin has a safe pharmacokinetic profile with lower systemic drug exposure and significantly reduced liver toxicity compared with conventional TACE [11] [12] [13] .
The recent addition of molecular targeted drugs to the therapeutic armamentarium for HCC has prompted the design of clinical trials aimed at investigating the synergies between TACE and systemic treatments [14, 15] . The combination of TACE with anti-angiogenic agents is appealing because the systemically active drug might curtail the post-TACE rise in levels of vascular endothelial growth factor (VEGF)-mediated signaling and at the same time target any tumor foci distant from the site of TACE. In this article, the current role of TACE in HCC management is reviewed, and early clinical experiences with the combination of TACE and molecular targeted therapies are discussed.
Conventional TACE
HCC exhibits intense neo-angiogenic activity during its progression. The rationale for TACE is that the intraarterial infusion of a drug such as doxorubicin or cisplatin with or without a viscous emulsion, followed by embolization of the blood vessel with gelatin sponge particles or other embolic agents, will result in a strong cytotoxic effect combined with ischemia [10] . The survival benefit of transarterial embolization (TAE) or TACE has been the subject of a few randomized controlled trials (RCTs), and these have provided inconsistent results [16] [17] [18] [19] [20] [21] [22] (table 1) . A cumulative meta-analysis of these studies, however, clearly indicated that the 2-year survival of patients with HCC not suitable for radical therapy who were treated with arterial embolization or chemoembolization is improved compared with conservative management or suboptimal therapies [23] . Sensitivity analysis showed a significant benefit of chemoembolization with cisplatin or doxorubicin by assessing 323 patients in four studies, but no benefit with embolization alone by assessing 215 patients in three studies [23] .
In a recent Cochrane meta-analysis, the evidence supporting the benefits of TACE has been questioned [24] . The authors of the Cochrane review stated that, despite TACE being a part of current clinical practice, there is an absence of evidence of TACE or TAE having a beneficial effect on survival in participants with unresectable HCC [24] . However, several experts have questioned such a conclusion and have expressed concern over this Cochrane review [25, 26] . It has been pointed out that the analysis included an RCT undertaken in patients with early HCC -in whom TAE (not TACE) was assessed in combination with local ablation -and that it excluded two major trials that found improved survival because of risk of bias according to the Cochrane criteria [25, 26] .
The outcome of TACE appears to be dependent on careful patient selection. In a RCT that recruited patients with compensated cirrhosis (70% in Child-Pugh A), no cancer-related symptoms [81% with an Eastern Cooperative Oncology Group (ECOG) performance status of 0], and large or multinodular HCC without vascular invasion or extrahepatic spread, 2-year survival after conventional TACE reached 63%, compared with 27% for the untreated control arm (p = 0.009) [22] . In contrast, in another RCT, the use of broader enrollment criteria with inclusion of patients with symptoms or limited portal vein invasion resulted in a 2-year survival of only 31% [21] . This figure was still better than that of the untreated control group (2-year survival, 11%; p = 0.002); however, no survival benefit was identified in subgroup analysis of patients presenting with portal vein invasion [21] .
As a result of these investigations, TACE has become established as the standard of care for patients who meet the criteria for the intermediate stage of the BCLC staging system, i.e., those who are not suitable candidates for curative treatment options (surgical resection, liver transplantation, or image-guided ablation) but present with multinodular HCC and relatively preserved liver function and without cancer-related symptoms, vascular invasion, or extrahe- A meta-analysis of these trials identified a distinct survival benefit for TACE compared with the control [23] . IV = intravenous; NA = not available; NS = not significant. * Groupe d'Etude et de Traitement du Carcinome Hépatocellulaire. ** Chemoembolization vs conservative management (TAE vs conservative management, NS; TACE vs TAE, NS).
patic spread [7] [8] [9] . The tolerability of conventional TACE seems to be affected by the type of regimen and the frequency of the treatment. The Groupe d'Etude et de Traitement du Carcinome Hépatocellulaire evaluated a treatment schedule of conventional TACE with cisplatin every 2 months in patients with unresectable HCC but without severe liver disease [18] . This schedule was associated with frequent acute liver failure, with 30 of the 50 treated patients reporting this adverse event. Conversely, Llovet and colleagues evaluated a schedule of conventional TACE treatment with doxorubicin at baseline, 2 months, 6 months, and then every 6 months thereafter, with only 2 of 40 patients undergoing TACE eventually developing liver failure [22] . However, no RCTs have been designed to fully evaluate the optimum frequency of delivery [27] . There is also a lack of consensus regarding the use and type of chemotherapy agent or embolic material [27, 28] .
Drug-Eluting Bead TACE
The ideal TACE scheme should allow maximum and sustained concentration of chemotherapeutic drug within the tumor with minimal systemic exposure combined with calibrated tumor vessel obstruction [10] . The recent introduction of embolic microspheres that have the ability to actively sequester doxorubicin hydrochloride from solution and release it in a controlled and sustained fashion has been shown to substantially diminish the amount of chemotherapy that reaches the systemic circulation compared with lipiodol-based regimens, thus increasing the local concentration of the drug and the antitumoral efficacy [11, 12] .
In a multicenter phase 2 RCT including 201 European patients (PRECISION V), use of doxorubicin-eluting beads resulted in a marked reduction in liver toxicity and drug-related adverse events compared with conventional TACE with doxorubicin [12, 13] . The mean maximum aspartate aminotransferase increase and alanine aminotransferase increase in the DEB bead group were 50% and 41% lower than those in the conventional TACE group (p < 0.001). Because of the improved safety and tolerability profile, high-dose doxorubicin treatment could be applied according to the planned schedule in all members of the DEB group, resulting in consistently high rates of objective response and disease control in all subgroup analyses. In contrast to the results for the DEB arm, the objective response rate (ORR) and the disease control rate (DCR) for conventional TACE in the subgroups of patients with more advanced disease were significantly reduced (p = 0.038 for ORR; p = 0.026 for DCR), although the differences were not statistically significant in the overall patient population (ORR, 52% vs 44%; DCR, 63% vs 52%). A recent case-control study conducted in Asian patients with HCC confirmed higher ORR for DEB-TACE compared with conventional TACE [29] (table 2) .
The added value of microspheres loaded with a chemotherapeutic agent over bland embolic microspheres was demonstrated by a RCT comparing beads loaded with doxorubicin versus bland embolization performed with embolic microspheres with similar characteristics. The rate of tumor progression at 12 months was significantly lower in the DEB arm than in the bland embolization arm (46% vs 78%, p = 0.002), and the TTP increased from 36.2 ± 9.0 weeks to 42.4 ± 9.5 weeks (p = 0.008) [30] . Another investigation assessed the degree of necrosis in explanted livers after chemoembolization with epirubicin-loaded DEB versus bland embolization in patients on a transplant waiting list: DEB-TACE achieved complete necrosis in 77% of lesions, whereas bland embolization achieved complete necrosis in only 27% of lesions (p = 0.043) [31] .
Despite the absence of phase 3 trials comparing DEB-TACE versus conventional regi-mens, DEB-TACE has been increasingly used as the first-line transcatheter treatment for HCC [32] . DEB-TACE provides levels of consistency and repeatability not available with conventional TACE; it also offers the opportunity to implement a standardized approach to HCC treatment [32] . In a recent report, the median survival of 48 months in a cohort of 104 European patients with HCC treated with DEB-TACE appears to be far superior than that reported for conventional TACE [33] .
Response Assessment
The assessment of tumor response is of the utmost importance in patients undergoing TACE [28] . Unfortunately, conventional methods for response assessment, such as the Response Evaluation Criteria In Solid Tumors (RECIST), have limited predictive value in HCC patients treated with TACE [34, 35] . These criteria rely on tumor shrinkage alone as a measure of antitumor activity, an assumption that is valid only when cytotoxic drugs are used. TACE induces direct tumor necrosis, and its anticancer efficacy is not paralleled by a reduction in overall tumor load, but rather by a reduction in viable tumor, as recognized by contrastenhanced radiologic imaging [35] . A modification of the RECIST criteria -named modified RECIST (mRECIST) for HCC -was first proposed by a panel of experts in 2008 [7] , and then was further expanded in 2010 [36] . The basis of this proposal is that the diameter of target lesions with viable tumor should guide all measurements. In addition, specific modifications of the original criteria have been introduced regarding assessment of vascular invasion, lymph nodes, ascites, pleural effusion, and new lesions [36] .
Tumor response measured by mRECIST after TACE or systemic therapy has been shown to be associated with survival [37] [38] [39] . In a European investigation, tumor response was determined using conventional RECIST, European Association for the Study of the Liver (EASL), Song et al. [29] Case-control study ** 0.001 and mRECIST criteria in 83 patients with HCC who underwent transarterial (chemo) embolization [38] . No significant difference was found between responders and nonresponders according to conventional RECIST. In contrast, the difference between responders and nonresponders reached statistical significance for both the EASL and mRECIST assessments. Patients who showed objective response according to mRECIST (n = 48) had a median overall survival of 20.7 months versus 13.3 months for nonresponders (n = 35). The association between overall survival and mRECIST responses was retained in a multivariate analysis [38] .
These findings were confirmed by an Asian study of 332 patients with intermediate stage HCC and Child-Pugh A cirrhosis who underwent serial TACE [39] . All measurable target lesions of 1 cm or larger in diameter were measured according to conventional RECIST, EASL, and mRECIST. The Cox regression model revealed that -in contrast to conventional RECIST -both EASL and mRECIST criteria were independent predictors of overall survival (p < 0.001). In addition, mRECIST yielded a significant difference in the probability of survival across all different response categories (p <0.001 for each comparison). However, there was no significant difference in the probability of survival between partial response and stable disease categories with the EASL criteria (p = 0.71) [39] (table 3) .
The recent Clinical Practice Guidelines jointly issued by EASL and the European Organization for Research and Treatment of Cancer (EASL-EORTC guidelines) state that assessment of response in HCC should be based on mRECIST criteria by performing contrast-enhanced computed tomography or magnetic resonance imaging 1 month after initial treatment and at least every 3 months during follow-up [9] .
Synergies and Combination Strategies
An important limitation of all TACE regimens is the high rate of tumor recurrence. In RCTs, a sustained response lasting more than 3-6 months was observed in only 28-35% of patients receiving conventional TACE, and in nonresponders, no survival benefit was identified compared with best supportive care [21, 22] . Even in those patients in whom an initial response was achieved, the 3-year cumulative rate of intrahepatic recurrence reached 65%, with recurrent tumor showing significantly shorter median doubling time [40] . As a result, the 3-year survival rate of TACE-treated patients did not exceed 26-29% [21, 22] .
Increased understanding of the molecular signaling pathways involved in HCC has led Both EASL and mRECIST criteria were independent predictors of overall survival, but only the mRE-CIST model yielded a significant difference in the probability of survival across all different response categories [39] . mRECIST = Modified Response Evaluation Criteria In Solid Tumors. * Partial response vs stable disease: p = 0.71 (not significant) for EASL and p= 0.002 for mRECIST.
to the development of molecular targeted therapies aimed at inhibiting tumor cell proliferation and angiogenesis. Sorafenib, a multi-kinase inhibitor with antiangiogenic and antiproliferative properties, has been shown to prolong median overall survival and median time to radiological progression compared with a placebo in RCTs and has become the current standard of care for patients with advanced-stage tumors not suitable for surgical or loco-regional therapies [41, 42] .
Tumor recurrence following TACE is characterized by increased VEGF production and subsequent angiogenesis. Moreover, TACE increases VEGF expression in the residual surviving cancerous tissue [43] and induces expression of other pro-angiogenic factors, such as hypoxia-inducible factor 1 alpha [44] . Based on these findings, the combination of TACE with anti-angiogenic agents would appear to be a rational approach.
DEB ensures minimal systemic exposure to the chemotherapeutic agent at the time of TACE and is appealing for combination regimens based on mechanisms that are theoretically synergistic. DEB-TACE has been shown to be safe and effective, with significantly reduced systemic drug exposure compared with conventional TACE regimens. Sorafenib has demonstrated efficacy and safety in patients with advanced HCC, with activity against both tumor cells and endothelial cells. In a prospective, single-center phase 2 study conducted at the Johns Hopkins University School of Medicine, the safety and responses of a combined protocol involving sorafenib 400 mg twice per day and DEB-TACE were assessed in 35 patients [45] . Although most patients experienced at least one grade 3-4 toxicity, most toxicities were minor (grade 1-2, 83% vs grade 3-4, 17%), and preliminary efficacy data were promising.
The phase 2, randomized, double-blind, placebo-controlled SPACE study (Sorafenib or Placebo in Combination with DEB-TACE for Intermediate-Stage HCC) was the first global trial on the use of TACE in the treatment of HCC [46] . The objective of the study was to evaluate the efficacy and safety of sorafenib in combination with DEB-TACE in patients with intermediatestage HCC. The study was conducted at 85 sites across Europe, North America, and the AsiaPacific region. Patients were eligible if they had asymptomatic, unresectable, multinodular tumors without vascular invasion or extrahepatic spread (EHS); Child-Pugh A liver functional status; and ECOG performance status 0 [46] . Patients were randomized to receive sorafenib 400 mg b.i.d. or matching placebo continuously (1 cycle was 4 weeks) until progression. All patients underwent DEB-TACE (150 mg doxorubicin) 3-7 days after receiving the first dose of the study drug, and then on day 1 (± 4 days) of cycles 3, 7, and 13, and every 6 cycles thereafter. Patients were allowed optional DEB-TACE sessions between cycles 7 and 13 and cycles 13 and 19 if deemed necessary by the investigator. The primary endpoint was TTP by independent review (predefined alpha = 0.15). Secondary endpoints were overall survival, time to vascular invasion or extrahepatic spread, time to untreatable progression (TTUP), and safety [46] .
Of 452 patients screened, 307 were randomized to sorafenib (n=154) or placebo (n=153). The hazard ratio (HR) for TTP was 0.797 [95% confidence interval (CI), 0.588-1.080; p = 0.072]. Median TTP (50th percentile) was 169 days and 166 days in the sorafenib and placebo groups, respectively; TTPs at the 25th/75th percentiles (preplanned) were 112/285 days in the sorafenib group and 88/224 days and placebo group. There were no unexpected safety findings. Median treatment durations in the sorafenib and placebo groups were 4.8 and 6.3 months, respectively, and the median daily dose of study drug was 566 mg and 791 mg, respectively [46] . Table 4 gives a summary of the efficacy data.
The findings of the SPACE study were supported by a recently published prospective, single-arm, phase 2 study including 50 Asian patients with unresectable HCC (82% in BCLC stage B and 18% in BCLC stage C) [47] . In this study, concurrent treatment with TACE and sorafenib showed promising efficacy results (median TTP, 7.1 months; 95% CI, 4.8-7.5 months) and a manageable safety profile with a median dose intensity of sorafenib of 68.7% (range, 37.3-100%) of 800 mg daily [47] . Nevertheless, the encouraging signal indicated by the SPACE trial requires confirmation with data from ongoing phase 3 trials.
Several questions remain as we attempt to improve treatment outcomes in HCC patients. The pathophysiologic complexity of HCC, balanced with a goal of providing effective tumor therapy with preservation of organ function, makes optimal treatment choice clinically challenging [48] . An understanding of which features of HCC and patient health may predict the clinical outcome of combination regimens is essential for determining individualized, evidence-based therapeutic strategies. The combination of DEB-TACE and sorafenib prolonged TTP (primary endpoint) and time to vascular invasion or extrahepatic spread compared with DEB-TACE alone (p = 0.072 and p = 0.076, respectively; predefined alpha = 0.15) [46] . VI = vascular invasion. *intention-to-treat population (all patients randomized);
† predefined alpha = 0.15; § median was not reached in either group.
